A comprehensive study of the electronic structure and optical properties of A 2 BX 6 lead-free perovskites has been carried out by means of first principles method based on DFT. The calculations are performed for the compound of the type A 2 BX 6 with A = Rb, and Cs; B = Sn, Pd, and Pt; and X = Cl, Br, and I. The computed band gap reveals a semiconducting profile for all these compounds showing a decreasing trend of the band gap energy by changing the halide ions consecutively from Cl to Br and Br to I. However, for variation in the B-site cation, the band gap increases by changing the cation from Pd to Pt via Sn. The most likely compounds, Rb 2 PdBr 6 and Cs 2 PtI 6 , exhibit a band gap within the optimal range of 0.9-1.6 eV for single-junction photovoltaic applications. The optical properties in terms of the optimal value of the absorption coefficient and high optical conductivity suggest that these compounds can be used in solar cells and optoelectronic applications. Our results indicate that upon changing the halogens ions (Cl by Br and Br by I) the optical properties altered significantly. Maximum dielectric constants and optical absorption are found for Rb 2 PdI 6 and Cs 2 PdI 6 . The unique optoelectronic properties such as ideal band gap, high dielectric constants, and optimum absorption of A 2 BX 6 perovskites could be efficiently utilized in designing high performance single and multi-junction perovskite solar cells.
INTRODUCTION
Initial studies on lead halide perovskite materials as light absorbers were published in 2009 [1] [2] [3] .
The power conversion efficiencies (PCEs) of these materials are around 24.2% according to a recent report 4 . Such a fast improvement is attributed to the unique photovoltaic properties of Pb halide perovskite absorbers, for example, tunable direct band gap, fair electron and hole effective mass, excellent optical absorption, high stability, benign defect tolerance, and long term photogenerated carrier diffusion lengths [5] [6] [7] . The commercial use of perovskites containing Pb for photovoltaic applications has attracted a great deal of research interest 8 . However, two major challenges still exist: lead (Pb) is toxic, and the perovskite suffer from low chemical stability in air [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The toxic nature of Pb causes health problems such as narcosis and irritation of eyes, nose, and throat 19 . Likewise, the degradation/instability issue of conventional perovskite materials, especially when retained in a humid environment is highly problematic; upon exposure to moisture, the organo-Pb perovskite, like methylammonium lead iodide (MAPbI 3 ) changes into lead iodide with a total loss of the nitrogen moiety [20] [21] . The other major factors that rapidly degrade a perovskite material consist of high temperature, light, and oxygen 19 . Such factors will effect perovskite materials in a variety of ways including decomposition, oxidation, ion diffusion, hydration, and polymorphic transformation 22 . Hence, both the issues (toxicity of lead and chemical instability) are big hurdles that will hold back the large scale productive applications of perovskite solar cells (PSCs) containing lead 19 . Therefore, developing new halide perovskites free of lead for use in PSCs are highly desirable to reduce the toxic issue of the emerging photovoltaic devices. Similarly, many efforts have been made to improve the stability of halide perovskites by using different approaches, including the use of alternative material instead of lead [23] [24] , fabrication of 2D perovskites [25] [26] and using mixed cations 27 .
The basic crystal structure of perovskite compounds is of the type ABX 3 (in the 1:1:3 ratio) such that A is a monovalent and B a divalent cation, and X is an anion (CH 3 NH 3 PbI 3 , CsPbI 3 , CsSnI 3 , CsPbBr 3 ) [27] [28] [29] . However, some modifications have been made in the basic structure of perovskite, such as A 2 B 1+ B 3+ X 6 (2:1:1:6) 27, 29 , A 3 B 2 3+ X 9 (3:2:9) 27 , and A 2 B 4+ X 6 (2:1:6) 27, 30 . Such modification in the structure will also affect the electronic properties of these perovskite compounds 31 . Taking into account both the crystal structure and chemical composition of the perovskite compounds, novel materials for efficient photovoltaic application in the perovskite family could be discovered with the help of computational approach such as the density functional theory 19 . 30 as shown in Figure 1 . Generally, it is referred to as antifluorite crystal (K 2 PtCl 6 ) and is described by the [ B X 6 ] -2 octahedral cluster bridged by the A-site cations 30 . The A 2 BX 6 structure shows similar features to ABX 3 perovskites and most of them possesses cubic structure. In A 2 BX 6 structure, every other [ B X 6 ] -2 octahedra is removed i.e. half of the B-site cation is unoccupied, the close packing behavior similar to ABX 3 is maintained 30 .
The A 2 BX 6 with B = Sn and Te have recently been reported capable of absorption of light in the visible to infrared (IR) region giving new hope for stable materials with a nature friendly operation 30, [36] [37] . In this framework, Cs 2 SnI 6 with cubic crystal structure containing Sn in its +4 oxidation state is suitable as a potential candidate for applications in PSCs 36 . Diffuse-reflectance measurements show an optical band gap of 1.25-1.30 eV in comparison with the thin films band gap of 1.60 eV. The density functional theory results in a direct transition nature (at Γ symmetry line) with the suggested band gap (0.13 to 1.26 eV) significantly different from the experimental value given above, most likely using functionals with different correlation approximations 34, 38 .
The compound possesses N-type electrical conductivity, strong absorption power, and moisture stability [36] [37] 39 . Due to the tetravalent character of Sn, the compound exhibits higher air stability with respect to CsSnI 3 34 . In fact, the Sn 4+ based perovskites, A 2 SnX 6 , show significantly enhanced stability as compared to Sn 2+ based ABX 3 perovskites. The substitution results in performance enhancement in optoelectronic devices such as the light emitting diodes, the flexible electronic components, and photodetectors 30, 36, 40 . In fact, numerous non-or low-toxic transition metals have stable +4 oxidation state paving the way for finding favorable halide perovskites; for example by replacing the Sn 4+ in Cs 2 SnI 6 by appropriate transition-metal cations 41 representing Sn, Pd, Pt, Te, and X= Iodine. They used hybrid functional (HSE06) based on DFT 8 . The striking aspects of their study were calculations of electronic structure and finding of energetic stability. They found that the band gap and effective masses of the compound increase as the A-site cation is varied from K to Rb to Cs.
From the above studies, it is clear that many efforts have been extensively made in the recent past to explore the optoelectronic properties of A 2 BX 6 type compounds. To conduct further research aimed at the use of various metals substitution for photovoltaic and optoelectronic applications, we make use of the density functional theory to explore new variants in A 2 BX 6 family with possible A, B, and X as A = Rb, Cs; B = Sn, Pd, or Pt; and X = Cl, Br, or I. In Figure   2 , we have shown our selected combination. We begin from the structural properties and then examine the electronic structure as well as optical spectra of these compounds. In addition, we also investigated the thermodynamic stability of these compounds by calculating the formation energies. The main goal of the present work is to search for potential alternatives of lead-free perovskites that preserve the same optoelectronic properties as that of the Pb-based perovskites.
We also believe that our work will provide a theoretical support to the future studies of defectvariant perovskites for photovoltaic and other optoelectronic applications.
COMPUTATIONAL METHODS
Present results were achieved with the help of computational code wien2k 42 based on densityfunctional theory (DFT) 43 . We employed all electron Full Potential Linearized Augmented Plane Wave (FP-LAPW) method with Perdew, Burke, and Ernzerhof Generalized-Gradient Approximation (PBE-GGA) functional 44 to gain the structural properties, while for electronic and optical properties we use for the first time the most accurate scheme of modified Becke Johnson (mBJ) semi-local exchange potential 45 . We have also performed some additional calculations for the band structures with PBE-GGA, Engel and Vosko (EV-GGA) 46 , Gritsenko, Leeuwen, Lenthe, and Baerends functional for solid and correlation (GLLB+SC) 47 , GLLB+SC-SOC, and mBJ+SOC methods. The mBJ has been shown to produce more accurate band gap as compare to standard LDA/GGA functionals [48] [49] . It is an orbital independent potential that yields accurate band gap for a large number of solids including insulators, semiconductors and strongly correlated transitional metal oxide 45, [49] [50] . The relaxation of the size, shape and the relative atomic positions of the unit cells was done with an energy cutoff of 400 Ryd for plane wave expansion and ended when the energy become within 10 -4 Ryd. For self-consistent calculations, the convergence criteria for the charge and atomic force were set at 0.001 e and 0.05mRy/a.u, respectively. The convergence with respect to basis size is through the parameter, R MT K max , which is the product of the smallest muffin-tin sphere radius (R MT ) times the largest plane wave vector (K max ). For calculations of the electronic and optical properties we used 5000 k-points. the lattice constants and atomic positions from experimental data were used to perform the calculations. Calculations with finer k-points and high energy cutoffs confirmed the convergence of the results on the lattice parameters and electronic band structure.
RESULTS AND DISCUSSION

Crystal Structure and Ground State Properties
The vacancy ordered DPs A 2 BX 6 (A= Rb and Cs; B = Sn, Pd, and Pt; and X= Cl, Br, and I) have face centered cubic structure with space group F m3 m (No. 225). The atomic positions and geometric configuration of A 2 BX 6 is illustrated in Figure 1 (Figure 4 ). The unit cell volume is found to increase when the halogen atom (X) is changed by Cl to Br to I. In structural relaxation, the [BX 6 ] octahedra shrink in a regular fashion leading to a smaller B-X bond lengths than the simple perovskites 51 . The bond lengths obtained after energy minimization for A 2 BX 6 compounds are presented in Table 2 along with the available experimentally measured bond lengths. Table 2 indicates that the bond lengths A-X and B-X show an increasing trend by increasing the size of the halogen ion. Among the eight compounds, the Rb 2 SnI 6 possesses larger bond lengths and thus has a larger lattice parameter. To assess the thermodynamic stability, we determined the formation energies of A 2 BX 6 (A= Rb and Cs; B = Sn, Pd, and Pt; and X= Cl, Br, and I) perovskites with respect to the potential pathways. The formation energy of a compound can be defined as the difference between the total energy of the compound and the sum of the energies of the main constituents in its standard form. In the present case, the formation is given by
, and E t X are the minimum ground state energies of the A 2 BX 6 , A, B, and X, respectively. For each considered system, we have performed a full geometry optimization i.e.
finding the volume for which the material has the lowest energy. In literature, we have obviously noticed that the sign and magnitude of the formation energy is mostly used to characterize the stability of a compounds 60 . The negative formation energy means the material is stable i.e. negative value indicates favorable formation of a compound, whereas a positive value represents instability and material cannot be synthesized at ambient conditions. The larger the magnitude of formation energy higher is the stability of the compound and vice versa. The obtained data of formation energy for the selected candidates is listed in Table 1 . Our results demonstrate a negative formation energy showing better stability of these compounds. By comparing the data listed in Table 1 , we noticed that Rb 2 SnBr 6 is the most stable structure among Rb 2 BX 6 (B = Sn, Pd; X= Cl, Br, I) perovskites. Likewise, the Cs 2 PtCl 6 perovskite is more stabler than Cs 2 PtBr 6 and Cs 2 PtI 6 based on their calculated formation energies.
Band Structure and Density of States
Generally, the band gap of inorganic Pb-free perovskites ought to be within the optimal range of 0.9 eV to 1.6 eV, corresponding to an efficiency of solar cell >25% 61 . We investigated the electronic nature of the eight perovskite variants compounds of the type A 2 BX 6 to see whether they meet this requirement. Band gap calculated with various exchange-correlation functionals of all the compounds are presented in Table 3 . However, UV-visible analysis shows an optical band gap of 1.32 eV, which is to some degree larger than our calculated band gap 62 . For these compounds, the valence band is mainly derived from Sn-5s and X-5p anti-bonding orbitals whereas the conduction band is derived entirely from Sn-5p anti-bonding orbitals as shown in Figure 9(a, b) . For the Pd-based compounds, Rb 2 PdCl 6 , Rb 2 PdBr 6 , and Rb 2 PdI 6 , the computed band structures are shown in Figure 7 . The plots reveal indirect band gap character for all the three compounds between the VBM and CBM at Г (0.0, 0.0, 0.0) and X (0.0, 0.5, 0.5) symmetry lines. We see from the figure that with fixed A and B site cations, the band gap decreases by replacing Cl with Br and I. This trend may be due to the decrease of electronegativity difference between B-site elements (Pd@2.2) and halide ions (Cl@3.16, Br@2.96, and I@2.66) which increases the Pd-X covalent strength and make the valence band more dispersive (shown in Figure 7 ). This, in turn, pushes the Pd-X anti-bonding Finally, we consider Cs 2 PtCl 6 , Cs 2 PtBr 6 , and Cs 2 PtI 6 compounds. The band structure plots for this series of compounds are displayed in Figure 8 . One can see from the plots that for the same Cs cation, the band gap is found to increase gradually in the order such that the band gap for Cs 2 PtCl 6 > Cs 2 PtBr 6 > Cs 2 PtI 6 , consistent with the trend observed in MAPbX 3 (X = Cl, Br, I) 63 .
Among these three compounds, Cs 2 PtCl 6 perovskite possesses a direct band gap character (1.22 eV) have a favorable band gap in the optimal range of 0.9-1.6 eV, suggesting that they are ideal candidates for use in single-junctions PSCs. ( Г −X ) 
Optical Properties
To examine the performance of the A 2 BX 6 (A= Rb and Cs; B = Sn, Pd, and Pt; and X= Cl, Br, and I) perovskite when exposed to light, we have performed the first principles calculations for the dielectric and optical properties. The properties like complex dielectric function, absorption spectra, optical conductivity, and reflectivity are investigated up to the photon energy of 10 eV to reveal the use of these materials in optoelectronic energy devices.
The optical response of a medium at all photon energies can be characterized by the dielectric functionε (ω). The real part of the dielectric function ε 1 (ω) describe the energy stored in a medium while the imaginary part ε 2 ( ω) explains the absorption behavior of a crystal. Figures 10-12 depict various optical parameters for A 2 BX 6 over the large energy range of 0-10 eV. The zero frequency limit, ε 1 (0) ,shown in Figure 10 give us the static dielectric constant of the compounds.
For all these compounds, values of the static dielectric constant are listed in Table 4 . The static dielectric constants are relatively small, which is an indication of the dielectric nature of the understudy compounds. Beyond the static point, ε 1 (ω) increases and reaches a maximum value at certain photon energy for each of the compounds. The maximum peak of magnitude 9.9 (a.u)
is observed for Rb 2 PdI 6 at 1.15 eV. Similarly for the rest of the compounds, the maximum peak values are given in Table 4 . After the maximum, a linear decrease in ε 1 (ω) is observed for all these compounds, goes below zero at certain energy ranges and again it rises to the positive (Table 3) and are attributed to the inter-band electronic transitions. Above the threshold points, there are different peaks with some noticeable variations. It can be readily seen from the plots that the overall spectra of ε 2 (ω) for Rb 2 BX 6 (B = Sn and Pd; X = Cl, Br, and I) and Cs 2 PtX 6 (X = Cl, Br, and I) is nearly identical, however, for Rb 2 PdI 6 as well as for Cs 2 PtI 6 , the absorption peaks are more prominent as compare to the other compounds. Such peaks are due the electronic transitions from valance band (VB) states to the conduction band (CB) states. The maximum peak value of ε 2 (ω ) for all the compounds are recorded in Table 4 .
The optical conductivities σ (ω) are also calculated and are presented in Figure 11 . The optical conductance of Rb 2 SnX 6 (X= Br, I) starts around 0.77 eV and 2.34 eV, for Rb 2 PdX 6 (X= Cl, Br, I) compounds, the optical conduction starts around 0.56, 1.13, and 1.97 eV. Similarly, for cesiumbased compounds Cs 2 PtX 6 (X= Cl, Br, I), the optical conductivity 'σ' start ' starts responding to the applied electromagnetic field around 2.7 eV, 2.3 eV, and 1.5 eV, respectively. Beyond these points the optical conductivity gradually increases by increasing the photon energy reach to maxima for each compound and then again decreases at various photon energies. As can be seen from the plots, the optical spectra is more prominent for iodide-based compounds and the maximum optical conductivity obtained for Rb 2 PdI 6 and Cs 2 PtI 6 is 7443 Ω -1 cm -1 and 6985 Ω -1 cm -1 respectively. Overall the good response is found in the energy range from 7−10 eV for all the compounds.
The calculated absorption coefficients α (ω) for A 2 BX 6 (A= Rb, Cs; B= Sn, Pd, Pt; X= Cl, Br, I) are correspondingly shown in Figure 11 (bottom panel). The absorption of photon extends from around 2 eV to 10 eV. The absorption edges are located around 0.5−2.9 eV for different compounds which are in full agreement with the corresponding band gap as predicted by mBJ method. In absorption spectra there are several absorption peaks with increasing trend and are attributed to the electronic transitions from bonding states to the anti-bonding states, respectively. Among the eight compounds that were studied, the maximum absorption of 152.8 cm -1 is found for Rb 2 PdI 2 at about 9 eV. Therefore, Pd is found to be a better alternative of Pb in the inorganic perovskites solar cells. The replacement of the halogen ion by a lighter and smaller one i.e. I by Br and Br by Cl significantly alter the absorption spectra of the considered compounds. The absorption peaks shift towards the higher energy by changing the halogen ions in the same order. One can see from the plots that the absorption spectra is mostly concentrated in the ultraviolet energy range which makes these materials favorable for optical devices working in this range.
The reflectivity spectra 'R()' for A 2 BX 6 system have also been investigated and are collected in Figure 12 . At zero vibration, the static reflectivity is found to be in the range of 5 % to 19 % for the selected compounds. However, the reflectivity increases with photon energy and become maximum around 5 eV. The static as well as the maximum reflectivity values for all the studied compounds are given in 64 . The maximum reflectivity occurs at points where ε 1 (ω) goes below zero. After the maximum, the reflectivity decreases with slight variation at various photon energies and then increases at high photon energies (6 eV). Such maximum reflectivity clearly suggest these compounds as favorable candidates for shielding and other protection purposes from high frequency radiations. Table 4 . Calculated static value of real part of dielectric function ε 1 (0), the maximum values of ε 1 (ω), the maximum values of ε 2 (ω), the static reflectivity R (0), the maximum peak values of R(ω) the maximum peak values of optical conductivity and absorption coefficient (i.e.  (ω) max α (ω) max ) for A 2 BX 6 (A= Rb, Cs; B= Sn, Pd, Pt; X= Cl, Br, I) compounds. 
CONCLUSIONS
In summary, we have performed first-principles calculations employing the mBJ potential to investigate the electronic structure as well as the optical properties of defect variant perovskites A 2 BX 6 (A= Rb and Cs; B = Sn, Pd, and Pt; and X= Cl, Br, and I). The results show that all the considered compounds possess optimum electronic and optical properties as visible-light absorber materials for PV-applications. We also applied the spin-orbit coupling and correlation effects with different functionals and both were essential in changing the band gap across the A 2 BX 6 family. The calculated band gap varies most likely with the electronegativity difference of B-and X-site atoms. It is observed that VBM is triply degenerated and is mainly comprised of Cl/Br/I-p states. Among the entire group of the compounds that were studied, ideal band gap were obtained for Rb 2 PdBr 6 (1.31 eV) and Cs 2 PtI 6 (1.22 eV) in the optimal range of 0.9−1.6 eV.
This indicates that both the compounds can become the potential candidates for single-junction solar cells in the future.
Different optical properties were calculated that reveal the use of these materials in various optoelectronic applications. The compounds, Rb 2 PdI 6 and Cs 2 PtI 6 , possess suitable band gap and relatively strong optical absorption as compared to the other members of this series of the compounds. Overall, our results provide key directions to promote the use of low cost lead free defect variant-perovskites in highly efficient photovoltaic and optoelectronic applications.
